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Abstract 
High energy-rate metalworking has significant advantages, in that short time scales change the fundamental nature of the 
forming process and short duration impulses can be used with much lighter and more agile equipment because large static 
forces do not need to be resisted. Here, we propose the use of thin aluminum foils that are intentionally vaporized by a pulsed 
electric current, in order to create an intense mechanical impulse. The driving pressures can be a few GPa’s, and have been used 
to launch sheet metal workpieces to velocities in excess of 1 km/s. Applications including impact welding, forming, embossing, 
shearing, and powder compaction have been demonstrated and will be presented in this paper.  
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1. Introduction 
High energy-rate or impulse based metalworking is interesting due to several advantages it offers over a 
corresponding quasi-static process. Increased forming limits, reduced springback, low cost tooling and reduced 
wrinkling are some of the documented advantages of impact forming (Psyk et al., 2011; Daehn, 2006). Shearing at 
high speeds has been shown to reduce sliver formation and provide increased dimensional tolerance (Breitling, 
1998). There is also a critical velocity above which shearing requires much less energy because of localized 
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deformation along narrow adiabatic shear bands (Klepaczko, 1999). Impact welding is a solid state process that 
allows the joining of dissimilar metals with little to no heat affected zone (Aizawa et al., 2007). A common 
observation in impact welding has been that the weld zone is stronger than the parent material (Shribman, 2008). 
All these factors warrant a concerted effort towards developing impulse metalworking into a mainstream 
manufacturing technique.  
Explosives, magnetic pulse, and underwater electric discharge are a few of the commonly applied tools for 
impulse metalworking. Using explosives runs into issues such as the inability to scale the process to thin sheets or 
small weld zones because explosives do not detonate reproducibly below a certain size known as their critical 
diameter. Furthermore, increasingly stringent safety regulations inhibit their use. The most significant drawback of 
using magnetic pulse for metalworking is the limited longevity of actuators above a certain magnetic pressure and 
operating cycle frequency (Golovashchenko, 2006). Besides, magnetic pulse based actuators are efficient only with 
workpieces that are electrically conductive. Conductive driver sheets can be used to launch materials of lesser 
conductivity, but that adds to process time and cost. Underwater discharge for electrohydraulic metalworking has 
been reported (Vohnout et al., 2010) to pose problems such as inefficiency and pressure heterogeneity due to 
cavitation resulting from locally high pressures in the working media.  
We have proposed a solution that may be appropriate for some applications (Vivek, 2013a). A high, short-
duration current can vaporize a conductor it is carried through, and the formed gases and plasma may continue to 
expand by energy deposition due to the continued electrical current. This results in a very high pressure region for 
a short period of time. Hence, if a workpiece is kept near that conductor it will be accelerated to high velocity and 
useful work may be done on it. This vaporizing conductor can represent a low-cost, efficient and robust disposable 
actuator used for impulse metalworking. This actuator, termed as vaporizing foil actuator, has been used for 
forming, embossing (Vivek et al., 2013b), springback calibration, impact welding (Vivek et al., 2013c), and 
shearing of sheet metal (Vivek, 2013a), and dynamic compaction of metallic powder (Vivek et al., 2013d).  
This paper focuses on the procedure and results of impact welding of multiple dissimilar material combinations. 
An attempt to relate welds’ interface structure and their strengths has also been made. A summary of other 
applications of vaporizing foil actuator has been provided in the section following impact welding.  
2. Vaporizing foil actuator assembly  
Depending on the application, vaporizing foil actuator can be assembled in different configurations. Fig. 1 
illustrates the set up for impact welding. The foil, generally shaped in the form of a dog-bone, is connected to the 
terminals of the capacitor bank that acts at the current source. The dimensions illustrated in Fig. 1c are only for one 
of many designs of foils that we have utilized. For welding, 0.0762 mm thick foils have been found to be optimal. 
Foils of slightly different thicknesses could also be used depending on the application. For cutting, thinner foils 
have been found to be useful, whereas, forming can be performed more efficiently with thicker foils. We have 
found aluminium to be a good material of choice for the foil, since, upon vaporization it reacts exothermically with 
nitrogen, oxygen, and carbon to further increase the driving pressure. The foil is electrically insulated from the 
backing block and flyer sheet by polyester tape. In order to efficiently direct the pressure generated from foil 
vaporization toward the flyer, the foil is backed by a thick block of steel. Standoff sheets between the flyer sheet 
and target plate provide the distance over which the flyer can reach a sufficient velocity. Additionally, the height of 
the standoff sheets and the horizontal distance between them help create an oblique collision, which is necessary 
for weld creation. Between the metals that have to be welded, the flyer is chosen based on density, strength, and 
ductility of the joining members. Ideally the flyer materials should be lighter, less strong, and more ductile. 
However, in some cases where all the three criteria cannot be met, the more ductile material among the 
combination is chosen. Flyer sheet thickness ranges from 0.5 mm to1.5 mm. 
During experimentation, some diagnostics are also implemented. Photonic doppler velocimetry (PDV) (Strand 
et al., 2006) is used for measuring the flyer velocity. Concentric holes drilled in the blocks above the flyer and the 
target plate provide a line of sight for the PDV focusing probe. The PDV system used in the present work can 
measure velocities of up to 1550 m/s with a time resolution of 1 ns, for a time duration of 2 ms on 4 channels. 
Additionally, a 1000:1 voltage divider is used for voltage measurement and a 100kA:1V Rogowski coil is used for 
measuring the discharge current. The capacitor bank used in these experiments was a Maxwell Magneform 
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capacitor bank with a total capacitance of 426μF, inductance of 100 nH, and short circuit current rise time of 12 μs. 
When charged to the maximum voltage of 8.6 kV, this capacitor bank can supply 16 kJ of electrical energy. For 
most experiments, only a portion of this energy, less than 10 kJ, is utilized.  
 
 
Fig. 1. (a) Schematic of vaporizing foil actuator welding apparatus, (b) schematic of the welding process showing jetting, wave formation along 
the interface, and the unwelded region in the region of flat impact, (c) sketch of a foil actuator, (d) actual implementation of the vaporizing foil 
actuator welding apparatus. 
3. Impact welding: results 
Many different combinations of sheet metals have been welded till date, and Fig. 2 depicts the interfaces of 
some of them. Direction of weld progression is depicted by the dotted arrows placed on the side that acted as the 
flyer material. Instrumented peel testing was implemented on all the welds and their peel strengths are noted below 
their interface images.  
 
 
Fig. 2. Weld interfaces for the different combinations welded using vaporizing foil actuator. Result of peel testing for each type of weld sample 
is shown under the respective image. Dotted arrows represent direction of weld progress. 
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It can be seen that the wavy interfaces, free of defects such as voids and intermetallics were stronger than the 
interfaces which were smooth or had the mentioned defects. Some of the welds were strong enough to remain 
intact during peeling and the failure happened in the weaker of the parent materials. Optimization of process 
parameters can lead to an improvement in weld strengths (Kore et al., 2007). Furthermore, for the combinations 
which resulted in weaker welds, we have shown (Vivek et al., 2013c) that an intermediate metallic layer, which has 
a good weld compatibility with either of the materials, can increase weld toughness.  
The input energy for all these welds have been below 10 kJ and flyer impact velocities have ranged between 
400 m/s and 1 km/s. Fig. 3 shows the temporal evolution of the velocity of a 0.5mm thick copper sheet launched 
with 8kJ of input energy. This figure also illustrates the variation of current and voltage with time, indicating that a 
maximum current of 127 kA was reached within 10μs of discharge and the foil burst occurred shortly after. The 
foil burst corresponds with the local maxima depicted in the voltage curve. This spike in voltage is a common 
phenomenon and can be explained on the basis of sudden rise in the resistance of the foil when it vaporizes and 
converts into plasma at high pressure. Subsequent expansion of plasma reduces the pressure and if the remaining 
voltage equals the breakdown voltage of the vapor, it can start conducting again (Webb et al., 1959). Before the 
foil burst, there is a period over which the flyer undergoes low acceleration due to its electromagnetic interaction 
with the current carrying foil. Plotted in Fig. 2b, the displacement was calculated by integrating the velocity data 
with respect to time, and it was found that the flyer collided with the target at 550 m/s after travelling 1.6 mm. 
 
 
Fig. 3. Results of the diagnostics run during a vaporizing foil actuator welding experiment with copper flyer and tungsten alloy target: (a) 
Temporal evolution of current, voltage and velocity with 8 kJ input energy into a 0.0762 mm thick aluminum foil, (b) Velocity of the flyer plate 
plotted against distance travelled indicating impact with target plate at 550 m/s. 
4. Other applications of vaporizing foil actuator  
Vaporizing foil actuator has been put toward several other applications and the salient ones are presented in this 
section. Fig. 4 shows the different configurations of vaporizing foil actuator needed for forming, shearing and 
powder compaction. Sample parts from each of these processes are shown in Fig. 5. 
 
 
Fig. 4. Vaporizing foil actuator assemblies for (a) forming and embossing, (b) shearing, (c) powder compaction. 
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4.1. Forming and embossing 
A urethane block is generally used as pressure transfer medium between the vaporizing foil and the workpiece. 
The elastomer layer helps uniformly spread the driving pressure over a larger area. Sheets made out of various 
materials have been formed. Fig. 5a shows a commercially pure titanium (CP-Ti) sheet formed into a cellphone 
case die using a 2-step process:  
x Quasistatic pre-forming to allow some draw-in 
x Vaporizing foil actuator forming at 6.4 kJ input energy to fully form the sheet into the die cavity 
The fine features on the die also got imprinted onto the workpiece, thereby indicating high impact pressures, on 
the order of 1-2 GPa. Fig. 5b shows an embossed aluminum alloy 2024-T3 (AA2024-T3) sheet with even the 
really fine machining marks on the die picked up by the embossed part. With our capacitor bank, a 0.127 mm thick 
foil works best for forming operations. 
4.2. Shearing 
For shearing, thin foils, vaporized with low input energies have been found to be ideal. The high strength steel 
sheet (hardness = 58 HRC) shown in Fig. 5c was sheared using a 0.0508 thick foil actuator operating at mere 2.4 
kJ and an ovoid shearing die. The height of the sliver was quite small as is typically the case with high speed 
shearing. High input energies were found to be rather detrimental to the process as the generated pressure becomes 
difficult to concentrate within the area of interest.  
4.3. Powder compaction 
During a vaporizing foil actuator shearing experiment, the sheared plug is found to reach very high velocities. 
Based on measured velocity of a sheared copper plug, driving pressures up to 1.5 GPa can be attained. The space 
above the flyer can be filled with powder and the available energy could be utilized for dynamic compaction of the 
powder mass. The die has to be shaped in such a way that the powder is constrained from moving sideways. Using 
this set up, we have compacted CP-Ti and Ti6Al4V powders to green relative densities in excess of 0.95. Recent 
experiments have shown that height:diameter ratio of 2:1can be achieved; however, the relative densities are 
lowered due to decrease in E/m ratio, where E is the energy available for compaction and m is the mass of the 
powder. Subsequent sintering, which is required for providing ductility to the green compact, can increase its 
density substantially. 
 
  
Fig. 5. Other salient applications of vaporizing foil actuator: (a) A 0.5 mm thick CP-Ti sheet formed into a cell phone case die, (b) A 0.5 mm 
thick AA 2024-T3 sheet embossed into a die with machining marks, (c) A 0.8 mm thick high strength ferritic steel sheared with very little sliver 
formation, (d) CP-Ti powder compacted to nearly 90% theoretical density using a cylindrical shearing die. 
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5. Conclusions 
Vaporizing foil actuator has been demonstrated as a versatile tool for high energy-rate metalworking. Processes 
such as impact welding, forming, shearing, and powder compaction have been successfully demonstrated at 
laboratory scale. Multiple dissimilar metal combinations were impact welded using vaporizing foil actuator and it 
was shown that weld strength depends significantly on the interface structure and composition. In order to optimize 
the welding process for a given material combination, a variety of impact velocities and angles needs to be 
investigated. In general, a better weld results if at least one of the joining members is ductile. Forming was 
implemented by using urethane as a pressure transfer medium. Shearing of high strength steel was done at very 
low energies using thin foil actuators. Dynamic compaction of titanium powders by vaporizing foil actuator was 
found to result in green compacts with density close to 95% of theoretical density. Due to the proven utility of this 
tool, there is a clear need to adapt the bench prototype to industrial scale. 
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